The recent BaBar measurement has confirmed that helicity conservation of the fast s-quark from weak current is badly violated in the decay B → J/ψK * . According to the measurement final-state interactions almost flip the relative sign of the spin amplitudes A and A ⊥ . Therefore factorization does not work in this decay and a naive quark picture fails. In order to have better understanding of final-state interaction dynamics, we propose to test the d-quark helicity conservation in the color-disfavored portion of the decay B − → D * 0 ρ − among others.
I. INTRODUCTION
The BaBar Collaboration [1] recently showed in accord with CDF [2] that substantial strong phases are generated in the decay B → J/ψK * . It also confirmed the earlier results of CDF [2] and CLEO [3] that the helicity −1 state dominates over the helicity +1 state for J/ψ and K * in the final state of the B(qb) decay. The small experimental uncertainties of the BaBar analysis now leave no room of doubt for these conclusions.
The decay B → J/ψK * occurs dominantly by the quark process b → c L c L s L through the tree decay operators. Therefore we expect that s L would pick up the spectator q to form the final K * . If s L maintains its helicity, K * cannot be in helicity −1. Consequently the helicity +1 amplitudes should dominate over the helicity −1 amplitude. However experiment has shown the opposite. This helicity structure of the decay is puzzling since the fast u/d-quark helicity conserves well in the decay B 0 → D * + ρ − [4] . In this Brief Report, we argue with the statistical model of strong phases that the origin of large phases and helicity violation may be traced to color suppression of B → J/ψK * . To test this idea, we propose to examine B → ψ(2s)K * and, for the d-quark helicity conservation, the color-disfavored part of the B − → D * 0 ρ − decay amplitude.
II. EXPERIMENT
Three spin amplitudes A ,⊥,0 of B → J/ψK * are related to helicity amplitudes H ±1,0 by [5, 6] :
where helicity amplitudes are defined in the rest frame of B by
The helicity amplitudes are related to the relativistic spin amplitudes, a, b, and c defined by [7] A
, and ǫ 0123 = +1. According to Babar [1] , magnitudes and phases of A ,⊥,0 for B(qb) → J/ψK * are given with the normalization i= ,⊥,0 |A i | 2 = 1 by
where φ and φ ⊥ are in radians. Since |A | ≈ |A ⊥ |, proximity of φ − φ ⊥ to π means
That is, |H +1 | ≪ |H −1 | from Eq. (1) . From the values of Eq. (4), we deduce
III. LIGHT-QUARK HELICITY CONSERVATION
In the decay B(qb) → J/ψ(cc)K * (qs) the s-quark is produced in helicity + 1 2 by weak interaction and maintains its helicity throughout strong interaction in the limit of m s → 0. Therefore, when the s-quark picks up the spectator quark q (= u or d), they form K * in helicity either +1 or 0, not in helicity −1. This argument is valid as long as we ignore corrections of m s /E and |p t |/E, and higher configurations of K * such as sand sqg. If QCD corrections to factorization are entirely of short distances, therefore, the decay amplitudes should obey the selection rule;
namely,
Note that Eq. (8) means for both magnitude and phase. Similarly, H +1 ≃ 0 or A ≃ −A ⊥ would be predicted for B(qb) → J/ψK * . However, the observation Eq. (5) is opposite to the prediction Eq. (8) of the s-quark helicity conservation. Calculations were made for the B → J/ψK * amplitudes in the past mostly with factorization combined with extrapolation or scaling rules of form factors [10] . Therefore they naturally predicted |H +1 | > |H −1 | for B → J/ψK * . Since factorization leads to zero strong phases, BaBar [1] made comparison with theory only for |A | 2 and |A ⊥ | 2 , not for the relative phase between A and A ⊥ that determines the relative magnitude of |H +1 | and |H −1 |. According to the systematic study of QCD corrections to factorization [8, 9] , accuracy of factorization is in question for B → J/ψK * .
1 The large value observed for φ (modulo π) may indeed be an evidence against factorization.
It was recently pointed out [11] that the s-quark helicity conservation is consistent with the decay rate ratio Γ(B → γK * )/Γ(B → γX s ). Without additional theoretical input, however, experiment on the rates alone cannot tell which of h = +1 and h = −1 dominates. In contrast, the measurement of B → J/ψK * distinguishes between H +1 and H −1 through the transversity angular distributions of decay products l + l − and Kπ [5, 12] . To resolve h = ±1 in B → γK * purely by experiment, we need spin analysis of B → γ * (→ l + l − )K * . Therefore we have no help from experiment in B → γK * at present.
The result of experiment in Eq. (6) poses a serious puzzle to theorists. The only way to realize |H +1 | ≪ |H −1 | for B → J/ψK * is that final-state interactions (FSI) generate a large relative strong phase of nearly 180
• between A and A ⊥ and completely destroy the s-quark helicity conservation. This may appear rather unlikely. However, we cannot rule it out when long-distance interactions are important and factorization cannot be justified.
IV. STATISTICAL MODEL OF STRONG PHASES
One characteristic of the decay B → J/ψK * may be relevant to its large FSI. That is, this decay is a color-suppressed process.
2 A statistical model [13] was proposed for strong phases of B decay modes for which the short-distance dominance argument is not applicable. The model predicts that the more a decay process is suppressed, the larger its strong phase can be. The reason is as follows: In a suppressed process of a given decay operator, B tends to decay first into unsuppressed decay channels and then rescatter into its final state by FSI. In B → J/ψK * , the B meson decays first into color-allowed on-shell states such as
s and then turns into J/ψK * through the quark-rearrangement scattering of strong interactions (crossed quark-line diagram). Such cascade processes are likely to dominate over direct color-suppressed transition. If so, those on-shell intermediate states tend to generate larger strong phases for color-suppressed amplitudes than for color-allowed amplitudes dominated by the direct transition. This picture is in line with the reasoning made independently by Rosner [14] .
However, computing individual strong phases is a formidable task when so many decay channels are open and interact with each other through long-distance FSI. 3 The statistical model quantifies the range of likely values (−δ ≤ δ ≤ δ) for a strong phase δ in terms of two parameters, degree of suppression (1/ρ) and strengh of FSI (τ ), by the relation [13] 
which is valid for τ 2 < ρ 2 < 1/τ 2 . Outside this region of ρ and τ , the right-hand side of Eq. (9) is negative. In this case suppression is so severe (1/ρ 2 < τ 2 ) and/or rescattering transition between J/ψ and
s is so strong (τ 2 > ρ 2 ) that any value is possible for δ. [15] . To determine the value of τ , we need strength of J/ψK * reaction which is little known. For the total cross section, the strength is controlled 2 We mean as usual an O(1/N c ) contribution from the dominant operator (bc)(cs) and an O(1)
contribution from the suppressed operator (bs)(cc). by Pomeron exchange. Since it is generated by two-gluon exchange in the standard lore, one possible estimate is σ
GeV is the binding of J/ψ. It means that energy transfer of E is needed to break up J/ψ by hitting with a gluon. With this reasoning we expect rescattering of J/ψ to be less strong than that of ππ and πK, but not much. In the absence of a better alternative, we choose tentatively σ J/ψK * tot ≃ 0.5 × σ ππ tot , from which we find τ 2 ≃ 0.08 [13] . For ρ 2 ≃ 20 and τ 2 ≃ 0.08 (ρ 2 τ 2 ≃ 1.6), the right-hand side of Eq. (9) is negative so that δ can take any value, as remarked above. Physically, it happens because the cascade processes
s → J/ψK * dominate over the direct B → J/ψK * transition. If the statistical model along with our numerical estimate is right, therefore, the strong phases of the spin amplitudes of B → J/ψK * can take large values. It is possible that a relative phase of nearly 180
• is generated by FSI between A and A ⊥ . Since the statistical model does not predict a specific value for each strong phase, we should explore other decay modes in a similar situation to see if the same correlation exists between strong phases and suppression.
V. SPIN AMPLITUDES OF OTHER
It is obvious that we should study B s → J/ψφ when B s becomes abundantly available in future. If color suppression and large strong phases come together, the s-quark helicity conservation should fail in this decay too. After we accumulate a sufficient number of B mesons, we may be able to test the d-quark helicity conservation with the decay mode B → J/ψρ. It should be emphasized that we expect failure of helicity +1 dominance, not necessarily |H +1 | ≪ |H −1 |, for these B decays. It just happens in B → J/ψK * that |H +1 | is much smaller than |H −1 |. The statistical model does not require nor specifically favor H +1 (H −1 ) ≃ 0 (maximal violation of helicity conservation) for B(B) decay. By the nature of the model, it is not capable of predicting a concrete number for the ratio |H +1 /H −1 | which is an outcome of complex interplay of many open channels.
To distinguish the statistical model from other models and mechanisms, it is useful to carry out spin analysis for B → ψ(2s)K * . While it happens that |H +1 | ≪ |H −1 | in B → J/ψK * , the statistical model does not require the same H +1 /H −1 ratio for B → ψ(2s)K * and B → J/ψK * since the FSI connecting to the D ( * ) D ( * ) s channels can be different for J/ψK * and for ψ(2s)K * even at the same center-of-momentum energy. We should also carry out spin analysis for B → γ
In the immediate future we shall have a better chance in B → D * ρ for testing the statistical model. The decay
for which factorization is expected to work well [8, 9] . Here the dominant decay operator is the tree operator (cb)(du). In this decay ρ − is formed by the collinear d L u L from the weak current so that helicity of ρ − must be 0, not ±1. In fact, experiment confirmed dominance of h = 0; |A 0 | 2 / |A i | 2 = 0.93 ± 0.05 ± 0.05 [4] . Since there is only one spin amplitude of significant magnitude, one cannot measure a strong phase in this mode.
In contrast, the decay B − → D * 0 ρ − can occur through a color-suppressed process as well since the fast d L from the weak current can pick up the spectator u instead of the u L from the current. Relative to the dominant process, this process is not only color-suppressed but also power-suppressed through the ρ − wave function [8] . Despite the expected double suppression, however, this amplitude is not so small in reality and shifts square root of the rate by about one third from the color-allowed process alone [15] :
Therefore we shall be able to test whether this color-suppressed portion of amplitude has a large strong phase or not. Since ρ − is dominantly in helicity 0 in the color-allowed B − → D * 0 ρ − decay, the helicity amplitudes H ±1 can arise mostly from the color-suppressed decay. Since ρ − is made of d L from weak current and the spectator u in this case, the ρ − helicity would be either −1 or 0, not +1. So the situation is exactly in parallel to B → J/ψK * up to charge conjugation. Therefore the naive quark picture would lead us to
If FSI are entirely of short distances, the expected accuracy of Eq. (11) should be very high even after including transverse quark momentum corrections of O(m ρ /m B ) inside ρ. If Eq. (11) is badly violated in experiment, it is another indication of large FSI in suppressed decay channels in line with the statistical model.
VI. SUMMARY
We have called attention to the fact that the spin amplitudes of B → J/ψK * presented by CLEO, CDF, and BaBar are contrary to helicity conservation of the fast s-quark. We must accept that large final-state interactions occur in this decay. Being motivated with the statistical model, we have proposed to study spin amplitudes of other decays, especially, B − → D * 0 ρ − . Unfortunately we have no means to compute large strong phases in any reliable way. When a strong phase is large for a given amplitude, magnitude of the amplitude is significantly different from its factorization value, in general.
If we can establish a general pattern of the correlation between strong phases and degrees of suppression, it will give a guideline as to which decay modes are likely to have large decay rate asymmetries. The prediction of the statistical model is in agreement with the qualitative argument made by Rosner [14] . It is also relevant to the assertion put forward by Ciuchini et al [16] that on-shell production of a charmed meson pair is important as an intermediate step to final mesons in the charmless B decays. In this case b → ccs (or b → ccq) is the allowed process and the direct transition to qqs (or) is the disfavored one by Cabibbo suppression. Then the cascade process b → ccs(q) → qqs(q) can be a source of a large strong phase. If it really generates a large phase, we may have good chance to observe CP-violating rate asymmetries in B → ππ and B → Kπ.
